Tip clearance between two screws and/or screw and barrel plays an important role in the mixing performance of twin screw extruders (TSEs) . We introduces special kinds of TSEs that have variability of tip clearance. We performed computational analysis of flow in the fully-filled melt mixing zone of TSEs with special geometries including grooved barrel and multi-clearance kneading disk, by using a finite element method. We discussed the distributive mixing, dispersive mixing, viscous heat generation, etc. for special geometries as well as the conventional one. The results revealed that the variability of tip clearance enabled the averaged shear stress exerted on the polymer materials to be larger for both special barrel and screw. The grooved barrel also showed better distributive mixing due to the complicated flow in the groove and suppression of the maximum viscous heating. An experimental result suggested that the grooved barrel had the advantage of mixing performance in comparison with the conventional one.
Introduction
Twin screw extruders (TSEs) are widely used for compounding, blending, reactive processing and devolatilizing in the polymer processingl'~3'. Many kinds of TSEs have been presented. Among them, intermeshing corotating TSEs are the most popular machines in recent polymer industry. By tuning configurations of screw and barrel, it is possible to obtain better mixing performance. However, since it is experimentally hard to obtain details of material behaviours inside TSEs, designing optimal configuration as well as optimizing operating conditions are highly difficult. Therefore the numerical simulation on material behaviours inside TSEs are desirable and can be helpful to optimize configurations.
The first approach of the numerical simulation for TSEs using a finite element method (FEM) have been made by Yang et al. 4 ' and Li et al5'. They simulated the polymer melt flow in the mixing zone under the isothermal condition. In our previous study, Kajiwara et al. 6 '''' also developed FEM simulation to predict complex flow in the intermeshing co-rotating TSEs under isothermal condition. Ishikawa et a1.8'' 9' made quantitative prediction of temperature and pressure distributions in TSEs.
Ishikawa et a110', and Funatsu et aL11' assessed the mixing performance by using the marker particle tracking. It is strongly desired that the computer simulation is applied to the novel designs of screw and barrel. In this paper, we performed the simulation of flow in the fully-filled melt mixing zone of TSEs with the special geometries including grooved barrel and multi-clearance screw. We evaluated the performance of dispersive and distributive mixing, and viscous heat generation.
, Characteristics of the grooved barrel and multi-clearance screw
In TSEs, the largest stress which promotes better dispersive mixing is generated at calendar gap or tip (flight) clearance between two screws or screw and barrel. The size of tip clearance should be tuned to obtain the effect ; although smaller tip clearance generates larger stress, only a smaller amount of materials pass through there. It is supposed that there exists the optimal size of clearance for the conventional configuration of a TSE to achieve the best performance of dispersive mixing. The grooved barrel12),13) has several numbers of grooves on the barrel surface periodically. Each groove forms curvature and its maximum depth is about 2 mm as shown in Fig.1 are expected to give rise to the average stress acting on the materials and show the better dispersive mixing. They are also expected to reduce the maximum viscous heating because maximum shear stress at tip clearance is smaller than that for the conventional barrel or screw. As regards the grooved barrel, distributive mixing could be better by the complex flow pattern there (reorientational or elongational mixing).
Numerical Method
We employed several assumptions in the numerical simulation. We solved homogeneous and pure-viscous non-Newtonian fluid flow. Although the materials in TSEs are usually multi-component fluid, exact analysis of such highly inhomogeneous media is impossible under present computer power. Therefore, we should predict the mixing performance of multi-component system by the simulation results for the homogeneous flow field. Other assumptions are as follows :
1) The flow is incompressible.
2) The flow channel is fully filled with a polymer melt.
3) The inertia is negligible. 4) The fluid rests on the solid surface.
The continuity, momentum and energy equations as the governing equations with above assumptions are given as follows : V-v=0 (1)
vv (3) where v is the velocity vector, p is the hydrostatic pressure, z the extra stress tensor, p the density, C, the heat capacity, k the thermal conductivity, and T the temperature, respectively.
The constitutive equation used in the current simulation is the Carreau model with the Arrhenius type temperature-dependence.
where D is the rate of deformation tensor, IID the second invariant of the rate of deformation tensor, 7jo the zero shear-rate viscosity, To the reference temperature, and .1., n and b the material constants, respectively. We determined the material constants from the experimental data of the shear viscosity for a polypropylene (PP) melts' as shown in Fig.2 and their values are listed in Table 1 . We discretized these equations by the conventional Galerkin finite element method with 27-node tri-quadratic brick elements for the velocity components. The penalty function method was used to eliminate pressure in the Table 1 Material data of Polypropylene (PP) momentum equation. We solved the finite element matrix by using the skyline method. The Streamline upwind / Petrov-Galerkin (SUPG) method'4',15' was applied to the convection term in the temperature equation for numerical stability. The marker particle tracking analysis was carried out by using the converged velocity field to study the material transport and to evaluate the performance of the distributive mixing as well as dispersive mixing. To solve the trajectory of the markers, the Runge-Kutta method was used. The same calculation procedure as in our previous studyl°'' 11' was adopted. The validity of the method was checked in our previous studyl°', 11' The flow chart of the calculation is shown in Fig.3 .
. Analysis conditions
Screw rotational speed and flow rate were set to 200 rpm and 60 cm3/s, respectively. The Dirichlet boundary condition for the velocity on the screw surface was derived from the screw rotational speed. The inlet and outlet boundaries were obtained by the same cross-sectional velocity profile under the given flow rate. The temperature of the fluid on the barrel surface and at the inlet boundary was set to 200t. The natural boundary condition both in the exit boundary plane and screw surface was assigned for the temperature equation. The time evolution of the velocity profile was constructed with the snapshots of converged velocity profiles at every three degrees of screw rotation. The analyzed geometries are shown in Fig.l and Table   2 and processing conditions are shown in Table 3 . In this study, we used TEX 65 a made by the Japan Steel Works Ltd. as a grooved barrel geometry. The screw in the melt mixing zone consisted of neutral kneading disks. For the grooved barrel, the depth of groove was set to 2.0 mm, and therefore tip clearance varies between 1.5 and 3.5 mm along with screw rotation. The multiclearance screw had the tip clearance of 1.5 and 3.5 mm
and these values corresponded to the minimum and maximum of the grooved barrel, respectively.
The geometry of multi-clearance screw was designed to maintain the self-cleaning characteristics between screws. We considered three combinations of geometries which were conventional barrel and screws, grooved barrel and conventional screws, and conventional barrel and multi-clearance screws. For all cases, flow rate and rotational speed were fixed. The cross-sectional areas for the conventional configuration, the grooved barrel and the multi-clearance screws were 2793 mmZ, 3214 mm2 and 2667 mmZ, respectively. The average velocities in the axial direction were different from each other due to different cross-sectional areas. Note that the configuration with multi-clearance screws had smaller cross section since the screw root for the multi-clearance screws were enlarged to keep the self-cleaning characteristics. flow in the opposite direction against the screw rotation near the barrel surface when the screw tip passed through the grooved channel as shown in Fig.4(a) . However, the fluid got to flow in the rotation direction again in whole region of the grooved channel after the screw tip passed through. The result suggested that there was no dead zone in grooved channels but just temporal reversed flow. The same results for the 1 mm to 3 mm of groove depth were observed.
Distributive mixing performance
We performed the numerical marker tracking and evaluated the distributive mixing from the spatial distributions of markers. First, we arranged three kinds of coloured-markers in three-divided area of the inlet boundary plane, respectively. Since the average axial velocities were different for three geometries as mentioned above, we compared the distribution of differently coloured markers in the same axial position. The results are shown in Fig.5 . In Fig.5 , larger cluster of same coloured markers was observed for the conventional configuration.
The grooved barrel seemed to have the best dispersive pattern. This might be because of the complex flow pattern occurred in the grooved section. However, we have to quantify the mixing evaluation from the marker tracking results for the optimization of barrel or screw geometries.
Dispersive mixing performance
For evaluating the dispersive mixing, the distribution of the invariant of stress was computed ( Fig.6 (a)-(c) ). At a glance, the conventional configuration had the largest area containing large stress which was indicated by red colour in Fig.6 . From this result, we had to characterize the dispersive mixing as a whole. The maximum stress was about same order in all the three configurations. Therefore, when the instantaneous stress was averaged in the cross section, the results were inversely proportional to the area of the cross section. Henceforth, 
Viscous heating
We also calculated temperature fields and discussed the viscous heating. Figure 7 shows temperature distribution in the cross-sectional plane where the maximum temperature appears. The multi-clearance screw shows the highest maximum temperature due to the smallest cross-sectional area, which is caused by keeping the selfcleaning characteristics.
Experimental verification
To verify the mixing performance of the grooved barrel, the experimental test was carried out for blending of 30%-ABS (acrylonitrile-butadiene-styrene copolymer) and 70%-AS resins. Experimental machine configuration is shown in Fig.8 . The machine is also TEX65 a which was used in the numerical simulations. Table 4 shows the experimental result by the conventional barrel and a grooved barrel. As regards the tem- Table 4 Experimental results of ABS + AS compounding process for conventional and grooved barrels perature and specific energy, the grooved barrel showed about 15 percent decline in the energy performance from the conventional one. Figure 9 shows the electron microscope photographs of polymer blend film. The photographs were not so clear but we could see the distribution of small particles in the output from the grooved barrel. Figure 10 shows the measurement results of the Izod impact strength for ABS and AS blend films. The difference of mixing performance was supposed to affect this result. The film produced by the extruder with the grooved barrel showed 60-90% rise in the Izod impact strength and also 10-20% reduction in specific energy compared with the conventional type.
Conclusion
It is concluded from the 3-D flow simulation in the melt mixing zone for various barrel and screw geometries as follows :
(1) There is no dead zone in grooved channel.
(
2) The grooved barrel shows remarkably good performance of distributive mixing and suppression of viscous heating as well as moderately good dispersive mixing.
(3) The multi-clearance screw shows superior performance of dispersive mixing but viscous heating is large for the geometries used in this study. We should perform the evaluation for various geometries of special barrels and screws and optimize the geometry based on the quantitative evaluation of performance in the near future. Fig. 9 Morphological comparison between conventional and grooved barrels by the scanning electron microscope. By using the grooved barrel, the ABS particles were well dispersed and the alloying of ABS with AS resin was promoted in (b) 
